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ABSTRACT
Beginning in the 1900s, changes in climate have resulted in an increase in global
temperatures. This warming has driven behavioral and demographic changes within a multitude
of species worldwide. Historically, small mammal populations have responded to changes in
temperature by adjusting their geographic ranges. As temperatures rise, high-elevation
populations may no longer be able to adjust as they have before. In this study, we evaluated
possible effects of climate change on a high-elevation population of Belding’s ground squirrels
(Urocitellus beldingi) at Tioga Pass in Northern California. We used local climate data and longterm population data from 1994 to 2021 at Tioga Pass to identify trends for change. A significant
increase in mean annual daily minimum and daily mean temperature was observed. We also
observed a significant decrease in the yearly number of litters weaned. Annual means of daily
minimum and daily mean temperature are reliable predictors of the number of litters weaned
during a year. Declines in the number of litters weaned varied across areas within the study site
suggest that possible effects of climate change on the U. beldingi population may have been
affected by local features within the overall habitat. Body mass of juvenile U. beldingi near the
time of weaning increased, suggesting that maternal female U. beldingi may be better able to
channel energy to their offspring under low-density conditions. Declines in the U. beldingi
population at Tioga Pass are consistent with models predicting losses of high-elevation
populations of small mammals as the climate continues to warm.
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INTRODUCTION
What is Climate Change?
The average climate of the planet has been changing continuously for the past 65 million
years (Zachos et al. 2001). Alternating between ice ages and greenhouse conditions, these
changes normally occur on million-year time scales. However, in recent years the rate of these
changes has accelerated. Climate change is not fully understood, but one cannot ignore the role
humans have played. One cause of climate change is deforestation and increased land use by
humans (Foley et al. 2005). Humans have been changing the landscape of the planet through the
clearing of tropical forests, expansion of urban centers, and increasing farmland production.
Changes in global land cover affect regional climates by altering the energy and water balances
of systems (Foley et al. 2005). Urban centers decrease the albedo of an area resulting in more
energy absorption. This can be damaging for an ecosystem as surrounding temperatures begin to
rise. In addition, since 1850, 35% of human carbon emissions have come from land-use alone
(Foley et al. 2005). The continual changing of the climate is influencing the rhythms and
processes of the natural world. In northwestern North America, winter precipitation is stored in
snowpacks (Mote et al. 2005). These snowpacks gradually melt, supplying their watershed with
fresh water and are therefore necessary for their ecosystem to function. Since the mid-1900s,
many of the western mountains have experienced declines in their spring snowpack. The regions
where the largest declines are seen tend to have mild winter temperatures, such as the mountains
in California (Mote et al. 2005). By comparing past and current snowpack levels, it is clear that
the warming of the climate is already resulting in a decline in the snow in the west. Moreover, a
comprehensive study of oceanic temperatures since the late 1900s determined that ocean
temperatures are warming along with atmospheric temperatures. The short periods of cooling
within warming periods have not been sufficient to offset the more significant warming trend
(Rayner et al. 2003).
There are many indicators of global climate change including changes in precipitation,
atmospheric water vapor, glaciers, surface temperature, sea level, land and ocean ice, and
occurrences of severe weather events. Global and regional surface temperatures are expected to
continue to rise in the near future. Greenhouse gases such as carbon dioxide, methane, nitrous
oxide, and water vapor contribute to global warming via the Greenhouse Effect (Stocker et al.
2013). Increasing concentrations of these gases in the atmosphere increase light absorbance,
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which leads to more heat being trapped in the atmosphere and gradual increases in temperature.
While greenhouse gases are important to survival on earth and occur naturally, concentrations
that are too high can make the planet inhospitable to the survival of many species. Human
population growth and development are contributing heavily to the introduction of greenhouse
gases into the atmosphere. If production cannot be curtailed, the effects of climate change will
continue to worsen (Stocker et al. 2013; Pörtner et al. 2022).
Effects of Climate Change on Animal Populations
Climate change has contributed to declines in populations of a variety of animals (Both et
al. 2006; Stapley et al. 2015; Kouba et al. 2020). Experiments conducted in the laboratory and
field, correlations determined between climate and biological variation, and physiological
research have all been used to link observed changes in a variety of ecosystems to changes in
climate (Parmesan 2006). The climate changes that have occurred over the past 50 or so years
have been tied to species-level extinctions. One group of researchers working to calculate
extinction risks for species worldwide estimated that by 2050, 15-37% of species within their
sample regions would be on their way to becoming extinct (Thomas et al. 2004).
Deforestation is one driver of extinction that has only been amplified by climate change
and has largely affected species globally. In Southeast Asia, where deforestation rates are some
of the highest in the world, researchers attempted to determine how deforestation and climate
change would affect orangutan species (Gregory et al. 2012). These researchers concluded that
land-cover change, specifically the degradation of forests, has had the greatest effect on
orangutan populations. They suggested that climate change would further reduce the currently
occupied habitats as they became unsuitable, but climate warming would also help to transform
some of the unoccupied habitats into more suitable environments (Gregory et al. 2012).
Deforestation in Finland has also affected Tengmalm’s owls (Aegolius funereus). Loss of cover
has resulted in a decrease in the abundance of main and alternative food sources for this species.
The starvation of young offspring combined with the changing climate, made it so that this
species is unable to compensate for its losses and is therefore unable to recover its population
(Kouba et al. 2020).
Biological processes in a variety of species worldwide are changing in response to
climate change. The reproductive periods of European rabbits (Oryctolagus coniculus) were
observed by researchers to determine the mechanisms by which changes in climate could affect
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large-scale population dynamics (Tablado and Revilla 2012). Breeding periods for the rabbits
were shortest in the southwestern portion of Europe and increased in the northeast as well as at
higher elevations. The lengths of breeding periods varied further within regions. The researchers
determined that climate change shortened the European rabbit breeding period overall but
increased variability in the length of the breeding period over most of Europe and the Iberian
Peninsula. However, at higher elevations and latitudes, the length of breeding seasons increased
and variation in length decreased, leading to greater stability (Tablado and Revilla 2012).
Recruitment in populations can also be affected by climate change. Identifying the
climatic drivers of recruitment for whooping cranes (Grus americana) throughout their life cycle
has helped researchers determine how to best maintain populations of this endangered bird
(Butler et al. 2017). When precipitation increased during the autumn migratory period,
recruitment declined. While this species is growing in the number of individuals and seems to be
surviving, the long-term effects of climate change are concerning. If the atmospheric CO2
concentration increases to 500 ppm by the year 2050, recruitment and therefore total population
numbers may fall beneath long-term averages (Butler et al. 2017). If measures are not taken to
combat climate change in the next 30 years, wild whooping crane populations may go into
decline.
Climate change and inclement weather have also been linked to population declines in
tree swallows (Tachycineta bicolor). These birds are aerial insectivores, meaning that they only
consume flying insects. Unfortunately, when temperatures drop below 18.5°C or when
precipitation occurs these insects are inactive (Cox et al. 2020). This means that changes in
climate and increased inclement weather could cause food shortages for the swallows. In
addition, the cues that this species relies upon to signal return to their breeding ground could
become obscured or unreliable as climate shifts. Here the researchers used continuous long-term
monitoring data to explore the demographic causes of population decline and discovered that
climate change plays a significant role (Cox et al. 2020).
As temperatures rise, pathogens of marine and terrestrial taxa can become more
threatening to their hosts. This warming can increase pathogen survival and development rates,
host susceptibility, and the transmission of the disease (Harvell et al. 2002). Increases in the
abundance and persistence of these infectious diseases can result in species population declines
or even extinction. The effects of this can be seen in recent changes in the El Nino-Southern
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Oscillations. These changes have had effects on human cholera, Rift Valley Fever, and multiple
aquatic pathogens (Harvell et al. 2002). Anole lizards (Anolis apletophallus) are another species
affected by El Nino events. These anoles experience a population increase after the wetter and
cooler La Niña years but their population declines after a dry El Niño year (Stapley et al. 2015).
In addition to this, the recruitment of these species was negatively correlated to the amount of
precipitation they received and the minimum temperatures. Both the short-term recruitment and
the long-term fluctuations in population and climate variables are contributing to the decline in
population (Stapley et al. 2015).
Marine organisms can also experience demographic changes as a result of climate
change. Plankton are important primary producers and therefore an important source of energy
for the trophic levels above them. However, plankton are incredibly sensitive to changes that
occur in their environments. If temperature, pH, salinity, or any of many other water
characteristics change, algal blooms may occur. These blooms can be toxic and harmful. Even if
toxins are not being produced, blooms can smother plant life and deplete oxygen reserves. While
having an overabundance of plankton can be detrimental to communities, decreases in plankton
levels can also be an issue. Recruitment in some species of marine fish is dependent on the
number of plankton they are able to consume during their larval stages. As a result, the larval
stages of these fish often align with the seasonal plankton production (Leggett and Deblois
1994).
When an environment changes, it may become inhospitable to species that currently
occupy the space. This can be seen through ocean acidification, which is slowly making marine
waters more acidic. As the increasing global temperatures raise oceanic temperatures, the Carbon
Compensation Depth (CCD) also rises. Since organisms with a calcium carbonate shell cannot
survive below this point, ocean acidification is detrimental for these species (Doney et al. 2009).
Climate-related changes in the ocean have also led to the bleaching of coral reefs. The death of
corals results in less diverse and unsustainable reef communities (Hoegh-Guldberg et al. 2007).
Since coral reefs are also a habitat for other organisms, the organisms that would usually reside
in this community either perish or migrate to find another patch of coral.
The first species to go extinct from recent climate change have been those with limited
ranges, such as mountaintop and polar species (Parmesan 2006). This is partially due to their
ranges having contracted as a result of increasing temperatures making parts of their ranges
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uninhabitable. Currently, many terrestrial organisms are experiencing elevation shifts in
habitable zones at rates two to three times faster than were previously recorded (Chen et al.
2011). The rate of the range shift for a particular species depends on a variety of external factors
and species traits. A recent study conducted in Yosemite National Park found that 14 small
mammal species experienced an upward elevation change in their ranges as the minimum
observed temperatures increased by about three degrees Celsius (Moritz et al. 2008). While the
small mammal species that live at low elevation may still have room to migrate or experience an
elevational shift, some of the high-elevation species are currently at risk because upward
movement is not an option. The researchers believe that by protecting elevation gradients, other
species may still be able to migrate successfully (Moritz et al. 2008). Other studies were
conducted with flightless mammals along similar elevational gradients on mountain ranges in the
western United States. In general, these mountains tend to have the highest species richness at
middle elevations, with species richness at lower and higher elevations (Rickart 2001).
Normally, these less rich regions can be maintained through the immigration of individuals.
However, when mountain habitats become isolated due to the loss of dispersal routes, highelevation populations can experience decreased immigration and eventual extirpation, leading to
decreased species diversity (Rickart 2001). Overall, climate change can result in the loss of
suitable habitats for populations and a reduction in the ranges of species. Understanding the
specific demographic features associated with population declines is important to developing
management strategies and policies (Cox et al. 2020).
Focus of Current Study
In this study, we explored the possible effects of climate change on a high-elevation
population of Belding’s ground squirrel (Urocitellus beldingi) at Tioga Pass in Mono County,
California (Fig. 1) at latitude 37.9, longitude -119.2, and elevation 2950 meters. The habitat of U.
beldingi extends through high elevation meadows and clearings in the western United States.
Squirrels are active for about three months each year in late spring and summer and hibernate
during the remainder of the year. Squirrels mate soon after emerging from hibernation, and
females bear at most one litter per year (Jenkins and Eshelman 1984). Young squirrels remain
underground in natal burrows during lactation and first appear above ground at 25-28 days of
age, near the time of weaning (Holekamp et al. 1984). Reproductive females defend maternal
territories during gestation and lactation and aggressively evict intruding conspecifics from their
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territories (Nunes et al. 2000). Female U.
beldingi typically remain in their natal areas
throughout their lives, whereas all surviving
male U. beldingi emigrate from the natal area
before reproducing (Holekamp 1984). Longterm population data from 1994-2021 were
evaluated, including the total number of
litters weaned each year, litter size, juvenile
body mass, overall sex ratio of juveniles
weaned, and median date of litter emergence
during the annual active period.
Temperature and precipitation data for Tioga
Pass from 1994-2020 were evaluated to
assess local changes in climate.

Figure1. Location of study site at Tioga Pass in
Mono County, California, indicated by star on
map.

The results of this study, when
considered with long-term analyses of populations of other species, will have applications
toward identifying general trends for change in high elevation populations of small mammals
associated with climate change (Tablado and Revilla 2012). Understanding these trends can have
applications for managing populations and possibly identifying ways to mitigate the effects of
climate change on populations as well as predicting changes in the distribution of species that
may result from climate change (Gregory et al. 2012; Butler et al. 2017; Heim et al. 2017).
METHODS
General Methods
A population of U. beldingi was studied from 1994-2021 at Tioga Pass in the Sierra
Nevada. Squirrels were captured with live traps (Tomahawk Live-Trap Company, Hazelhurst,
Wisconsin). Traps were checked every thirty minutes or less during trapping sessions, and
squirrels were released at their sites of capture after handling. For long-term identification,
squirrels were fitted with numbered metal ear tags (National Band and Tag Company, Newport,
Kentucky). Squirrels were weighed to the nearest gram with spring balance scales (Avinet
Research suppliers, Portland, ME). The maternal territories of reproductive females were
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observed daily to determine the dates that their
litters first emerged from the natal burrow. Juveniles
were trapped, ear-tagged, and weighed within two
days of first being observed above ground, when
they could unambiguously be assigned to a litter.
All U. beldingi litters observed in the study area at
Tioga Pass were trapped during the squirrels’ active
period each year from 1994-1998, 2001-2008, 20122019, and in 2021. Trapping and other methods in
this study followed guidelines published by the
American Society of Mammologists (Sikes et al.
2016).
The elevation of the study site at Tioga Pass
is not uniform (Fig. 2). Features such as small
streams, stands of bushes and trees, marshy areas,
rock outcrops, gullies, and slopes also create
heterogeneity across the study site. Local features
may result in climate change affecting different

Figure 2. Excerpt from topographic map
prepared by the United States Geological
Survey showing elevation changes at the
study site at Tioga Pass (outlined in red).

areas within the study site differently. Taking this
into account, the study site at Tioga Pass was divided into different sub-areas separated by
naturally occurring landmarks such as small streams or bushes so that comparisons could be
made among these sub-areas (Fig. 3).
Food provisioning studies of U. beldingi were conducted at the study site at Tioga Pass
from 1994-1998 (Nunes et al. 1997, 1999a, 1999b). As part of these studies, some reproductive
female U. beldingi were provided with 50-100 grams of peanuts or peanut butter each day in
their maternal territories, and their offspring were provided with 50-100 grams of peanuts or
peanut butter each day in their natal area for the six weeks following their first emergence from
the natal burrow. Provisioned squirrels were localized within specific areas of the study site, and
provisioned and unprovisioned areas were alternated between years.
Open-source climate data were obtained for Tioga Pass from the PRISM Climate
Group/Northwest Alliance for Computational Science and Engineering at Oregon State
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Figure 3. Areas within the study site at Tioga Pass. The map was generated from aerial
pictures taken by the United States Geological Survey on 2017/08/12. Scale: 1 cm = 80 m.
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University. These data included annual January-December averages from 1994-2020 for
precipitation, daily minimum temperature, daily mean temperature, and daily maximum
temperature. Climate data were evaluated to identify possible long-term changes in precipitation
or temperature at Tioga Pass. Litter trapping data were evaluated to identify possible long-term
changes in reproductive output at Tioga Pass and to determine whether any such changes were
associated with changes in climate.
Data Analysis
Dependent variables related to trapping of squirrels included the number of litters weaned
during the active period, mean litter size, overall sex ratio of juveniles (# of males/# of females),
the median date of litter emergence during the active period, and mean body mass of juveniles at
first emergence from the natal burrow. Provisioned juveniles were omitted from analyses of
body mass, and independent t-tests were used to compare body mass between males and females.
Linear regression analysis using time (year during the study) as the independent variable was
used to evaluate all of these variables except the overall sex ratio of juveniles, which was
evaluated using beta regression.
Dependent variables related to climate included mean annual precipitation, mean annual
daily minimum temperature, mean annual daily mean temperature, and mean annual daily
maximum temperature. These variables were evaluated using linear regression, with time (year
during the study) as the independent variable. Linear regression analysis was also used to
evaluate possible associations between climate-related variables and trapping-related variables.
Dependent variables evaluated in the study were normally distributed (Kolmogorov-Smirnov
test). Statistical tests were performed with R (RStudio Team, Boston, Massachusetts) and Systat
13 (Systat Software, Inc., Chicago, Illinois). Relationships indicated by statistical tests were
considered significant when P < 0.05.
RESULTS
There was no significant variation over time in the size of litters weaned at Tioga Pass,
the overall sex ratio of juveniles weaned each year, or the median date during the active period of
the first emergence of litters from the natal burrow. However, there were significant trends for
the number of litters weaned during the active period to decrease over time (Fig. 4A, F1,20 =
23.32, P < 0.001), and for the body mass of juveniles to increase over time (Fig. 4B, F1,20 =
16.52, P = 0.001). Moreover, body mass was significantly inversely correlated with the number
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Figure 4. A) Number of U. beldingi litters weaned each year at Tioga Pass from 19942021 and B) mean body mass of juveniles at first emergence from the natal burrow.

13

of litters weaned during the active period (r = -0.49, P = 0.021). Body mass did not differ
significantly between males and females and so was combined for the sexes in these analyses.
To assess whether declines in the number of litters weaned each year were uniform across
the study site, we evaluated the number of litters weaned within sub-areas of the study site.
There were significant trends toward a decline in the number of litters weaned overtime in four
of the areas (Fig. 5, Area A: F1,20 = 19.37, P < 0.001, Area C: F1,20 = 17.01, P = 0.001, Area BC:
F1,20 = 5.31, P = 0.032, and Area W: F1,20 = 4.93, P = 0.038). However, there was no significant
trend for change in the number of litters weaned in the other three areas (Fig. 5, Areas R, O, and
B).
We evaluated whether precipitation and temperature varied overtime at Tioga Pass and
we observed no significant variation in annual precipitation or the annual means of daily
maximum temperature from 1994-2021. However, there were significant trends for increase in
the annual means of daily minimum temperature (Fig. 6A, F1,25 = 64.01, P < 0.001) and daily
mean temperature (Fig. 6B, F1,25 = 19.95, P = 0.001).
Finally, we evaluated the association between the daily minimum and daily mean
temperatures and the number of litters weaned during the active period. Mean annual daily
minimum temperature was a reliable predictor of the number of litters weaned during the active
period for the year (Fig. 7A, F1,19 = 15.88, P = 0.001), as was the mean annual daily mean
temperature (Fig. 7B, F1,19 = 8.99, P = 0.007). In particular, higher temperatures predicted a
smaller number of litters being weaned (Fig. 7).
DISCUSSION
We observed a warming trend at Tioga Pass from 1994-2021 which was accompanied by
a decrease in reproductive output in the U. beldingi population in the area. Specifically, the
number of litters weaned each year declined over the study period. This decline was not uniform
across the study site, with some areas experiencing decreases in the number of litters weaned and
others remaining stable. Factors such as litter size, overall sex ratio of litters weaned, and median
date of emergence of litters from the natal burrow did not vary significantly across the study
period; however, there was a significant trend over the study period toward increased mean body
mass of juveniles near the time of weaning.
The decrease in the number of litters weaned each year during this period may reflect a
decrease in the density of reproductive female U. beldingi at Tioga Pass and a general decrease
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Figure 5. Number of U. beldingi litters weaned each year from 1994-2021 within different areas of
the main study site at Tioga Pass.
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1994-2020 and annual means of A) daily minimum temperature and B) daily mean temperature.

in population density. The trend for body mass of juvenile U. beldingi to increase from 19942021 may be associated with changes in energetics associated with decreased population density.
Female U. beldingi maintain maternal territories during gestation, lactation, and following the
emergence of young from the natal burrow, and aggressively evict intruding conspecifics from
their territories. Rates of aggressive behavior of reproductive females increase during gestation
as they compete with other reproductive females for space in which to establish a territory and
set up a maternal burrow (Nunes et al. 1997, 2000). Rates of locomotor and vigilant behavior
increase during lactation and around the time that young emerge from the natal burrow as
females direct effort toward defending young from predators and conspecifics who may attempt
to commit infanticide (Sherman 1981, Nunes et al. 2000). Moreover, the intensity of aggressive
and vigilant behavior increases during lactation (Nunes 2014). Lower population density may
allow reproductive females to direct less energy toward aggressive, locomotor, and vigilant
behavior, and instead direct energy towards spending more time feeding and acquiring energy, as
well as having more energy to transfer to their offspring. Previous food provisioning studies of
U. beldingi have indicated that when extra energy is made available to maternal U. beldingi
during gestation and lactation, they channel the extra energy to their offspring resulting in larger
young at the time of weaning (Trombulak 1991, Nunes and Holekamp 1996).
Eastman et al. (2012) observed an increase in the adult body size of U. beldingi based on
the comparison of museum specimens collected from 1902-1950 against specimens collected
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from 2000-2008. They suggested that prolonged growing seasons in montane habitats associated
with climate warming might allow for longer periods of growth and attainment of greater adult
body size. Yom-Tov and Geffen (2011) noted that in some cases changes in body size related to
climate change can be genetic and associated with changes in selective pressures, and in some
cases can be associated with changes in abundance or quality of food resources or overall
availability of energy. If the increase in body size of U. beldingi observed by Eastman et al.
(2012) is related to increased energy availability, then our results raise the possibility that greater
transfer of energy to young during lactation might put individuals on a trajectory for greater
growth as juveniles and yearlings (Morton and Tung 1971), and contribute to attainment of
greater adult body size.
The warming trend we observed at Tioga Pass is consistent with the global warming
trend across recent decades (Pörtner et al. 2022). Some evidence suggests that warming trends
may be amplified at higher elevations, especially in spring, resulting in earlier melting of the
winter snowpack as well as long-term loss of glaciers at higher elevations (Borodovko et al.
2018, Gao et al. 2021). Earlier melting of winter snow and advanced onset of the spring growing
season have in fact been observed in mountains of the western United States, and extremes in
precipitation have been predicted to increase in the western United States as temperatures
continue to warm (Stewart et al. 2005, Rowe et al. 2011, Dominguez et al. 2012).
Reproductive output of U. beldingi at Tioga Pass, as indicated by the number of litters
weaned each year, declined significantly over the course of the study from 1994-2021.
Reproductive females at Tioga Pass were provisioned with extra food high in energy during
gestation and lactation from 1994-1998, which may have increased reproductive output during
those years. However, the number of litters weaned each year continued to decline steadily in
the years following this period, suggesting that the cessation of food provisioning was not the
sole factor influencing the decline in reproductive output. Annual mean temperature was a
significant predictor of the number of litters weaned during the annual active season of U.
beldingi at Tioga Pass, suggesting a link between temperature and reproductive output. Rowe et
al. (2015) noted that changes in temperature were a reliable predictor of population declines in
montane species of small mammals at higher elevations.
Possible climate-related causes of declines in reproductive output at Tioga Pass may
include earlier melting of the winter snowpack in warmer years or more extreme patterns of
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precipitation. Reduced snow cover may result in decreased ground insulation and loss of buffers
against colder temperatures, causing squirrels to freeze during cold spells (Beever et al. 2010).
Reduced insulation from snow cover might also expose squirrels to higher temperatures during
warm spells. Exposure to warmer temperatures can disrupt hibernation, with increased arousals
prompting greater energy expenditure and potential depletion of fat reserves prior to the end of
hibernation (Pengelley and Fisher 1963, Geiser and Kenagy 1988, Németh et al. 2009). Extreme
or erratic patterns of precipitation can also have adverse impacts on the survival of individuals
within a population. For example, Morton and Sherman (1984) observed that early melting of a
light snowpack during a drought year was accompanied by early emergence from hibernation of
the U. beldingi population at Tioga Pass. A subsequent period of storms with heavy snowfall
caused a high degree of mortality among squirrels in the population.
The terrain of the study site at Tioga Pass is not uniform, and we did not observe
consistent decreases in the number of litters weaned each year across areas of the study site.
Some areas had declines in the number of litters weaned, whereas other areas were more stable.
The variability in change across the study site suggests that some features of the squirrels’
habitat may make specific areas more vulnerable or more resistant to the effects of climate
changes on the local population. For example, areas with greater accumulation of snow may be
buffered against potential adverse effects of early snowmelt, and areas with greater drainage may
be resistant to flooding of hibernation burrows potentially associated with snowmelt during
unseasonably early warm periods (Stewart et al. 2005, Beever et al. 2010).
If specific habitat features make S. beldingi populations more susceptible to the effects of
climate change, it would be expected to see declines in the number of squirrels within
populations, and also declines in the number of populations across the squirrels’ overall range as
local populations in vulnerable areas become extinct, or as populations become smaller and more
vulnerable to local extinction (Piessens et al. 2009). Climate change has been shown or
predicted to cause the loss of suitable habitats and habitat fragmentation in a variety of animals
(Gong et al. 2017, Nasrabadi et al. 2018, Zhao et al. 2019, Luo et al. 2021), including animals in
high-elevation habitats (Jackson et al. 2015). Habitat fragmentation associated with climate
change can impede the dispersal of individuals and decrease gene flow between populations
(e.g., Amos et al. 2012). However, among ectothermic animals, warmer temperatures may
increase dispersal in some circumstances (Cormont et al. 2011). Populations living at high
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elevations and adapted to colder climates may be especially vulnerable to genetic isolation
resulting from climate change. As the climate warms, habitats at lower elevations can become
less suitable, dispersal routes can be eliminated, and “sky islands” can form with limited gene
flow among them (Galbreath et al. 2009, Wasserman et al. 2013).
Morellli et al. (2012) observed extirpation of U. beldingi populations within the lower
and middle elevations of the species’ range. Moreover, they did not observe colonization by U.
beldingi of habitats it did not previously occupy. They suggested that the range of U. beldingi is
not shifting geographically but rather is contracting, as is the case with a variety of montane
small mammal species (Parmesan 2006, Moritz et al. 2008, Rowe et al. 2015). Morelli et al.
(2012) developed a model predicting that continued warming of the climate would eventually
lead to extirpation of U. beldingi populations at higher elevations within its range. Our results
indicate a decline in a high elevation population of U. beldingi, possibly associated with a
decrease in the suitability of high elevation habitats caused by warming of the climate, and are
consistent with Morelli et al.’s (2012) model predicting the loss of high elevation populations of
this species. We suggest that future empirical work focused on the specific effects of climate
change on the habitats of small montane mammals, including patterns of snowmelt, might be
useful in developing strategies to mitigate losses of high-elevation populations of U. beldingi and
other species or understanding challenges that will be encountered by species whose ranges shift
into high-elevation habitats.
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